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TENSILE BEHAVIOR OF TUNGSTEN AND TUNGSTEN-ALLOY 

W I R E S  FROM 1300 TO 1600 K 

Hee Mann Yun* 

N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Lew is  Research C e n t e r  
C l e v e l a n d ,  O h i o  44135 

S umma r y  

The t e n s i l e  b e h a v i o r  o f  200-pm-diameter t u n g s t e n  lamp (218CS-W>, t u n g s t e n  
+ 1.0 a t o m i c  p e r c e n t  ( a / o )  t h o r i a  (ST300-W), and t u n g s t e n  + 0 . 4  a / o  h a f n i u m  
c a r b i d e  ( W H f C )  w i r e s  was d e t e r m i n e d  o v e r  t h e  t e m p e r a t u r e  r a n g e  1300 t o  1600 K 
a t  s t r a i n  r a t e s  o f  3 . 3 ~ 1 0 - ~  t o  3 . 3 ~ 1 0 - 5  s e c - l .  
c o n d u c t e d  o n  as-drawn m a t e r i a l s ,  one s e r i e s  o f  t e s t s  was u n d e r t a k e n  on ST300-W 
w i r e s  i n  f o u r  d i f f e r e n t  c o n d i t i o n s :  as-drawn and vacuum a n n e a l e d  a t  1535 K 
f o r  1 h r ,  w i t h  and w i t h o u t  e l e c t r o p o l i s h i n g .  Whereas h e a t  t r e a t m e n t  had n o  
e f f e c t  o n  t e n s i l e  p r o p e r t i e s ,  e l e c t r o p o l i s h i n g  s i g n i f i c a n t l y  i n c r e a s e d  b o t h  
t h e  p r o p o r t i o n a l  l i m i t  and d u c t i l i t y ,  b u t  n o t  t h e  u l t i m a t e  t e n s i l e  
s t r e n g t h .  Compar ison o f  t h e  b e h a v i o r  o f  t h e  t h r e e  a l l o y s  i n d i c a t e s  t h a t  t h e  
H f C - d i s p e r s e d  m a t e r i a l  possesses s u p e r i o r  t e n s i l e  p r o p e r t i e s .  T h e o r e t i c a l  
c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  s t r e n g t h l d u c t i l i t y  advan tage  o f  WHfC i s  due 
t o  t h e  r e s i s t a n c e  t o  r e c r y s t a l l i z a t i o n  i m p a r t e d  b y  t h e  d i s p e r s o i d .  

A l t h o u g h  most t e s t s  were 

* N a t i o n a l  Research Counci  1 - NASA Research A s s o c i a t e .  NASA Lew is  Research 
C e n t e r ,  C l e v e l a n d ,  O h i o  44135. 



In troduc t i on 

I 2  

In high temperature metal matrix composites, the reinforcing fiber 
carries the preponderance of the applied load; thus tungsten alloys have 
typically been chosen as the preferred fiber because of their great strength 
and stiffness at temperatures greater than 1300 K. In the past, 
high-temperature tensile and creep behavior (1,2) of as-drawn tungsten and 
tungsten-alloy wires have been studied. Their properties were attributed to 
potassium dopants (3>, in the case of lamp grade tungsten (218CS-W) or 
thoria dispersoids (4) (ST300-W), as well as heavily drawn fibrous 
microstructures. In the present study the tensile properties of current 
commercial and experimental tungsten-alloy wires are examined over the 
temperature range 1300 to 1600 K (homologous temperature ranging from 0.4 to 
0 . 5 )  as a function of strain rate. In addition, both as-drawn (cold worked) 
and annealed thoria-strengthened alloy wires were tested with and without an 
electropolished surface in order to determine the effect of processing on 
mechanical properties. 

Experimental Procedure 

Mater i a1 s 

Table I shows chemical compositions of the three tungsten-alloy wires 
examined in this work. The tungsten alloys 218CS-W (strengthened with 
potassium bubbles) and ST300-W (thoria-strengthened) were commercially 
available, whereas the HfC-strengthened material was an experimental alloy. 
In all cases the alloy wires were fabricated by powder metallurgy techniques 
and drawn to their final nominal diameter of 0.2 mm. The fibrous grain 
structure of these three materials is illustrated in Fig. 1 .  The ST300-W 
wires were examined both in the as-drawn condition and after a 1 hr vacuum 
stress relief anneal at 1535 K (Fig. 2(a>> which is typical of the processing 
heat treatments utilized to fabricate metal matrix composites (5). In 
addition, specimens electropolished in a 1 n NaOH solution at 9V for 30 sec 
with the wire being rotated at about 1 revolution/sec (6) were tested. 
Polishing reduced the specimen diameter to 0.14 mm with a mean deviation of 
0.01 mm along the approximately 25.4-mm-long electropolished zone. 

Table I. - Chemical Composition of 218CS-W, 
ST300-W, and WHfC Wires 

Materi a1 

ST300-W 

2 18CS-W 

Chemical composition, a/o 

Balance 
0.44 Bal ance 
---- 

Mechanical Property Test Procedures 

Tensile testing was conducted in a vacuum of loe4 Pa at temperatures 
ranging from 1300 to 1600 K. 
cross-head speeds ranging from 0.00085 to 0.85 mm/sec; furthermore, all 
tensile strength properties were determined from the autographically 
recorded load - time curves. 

Tensile properties were determined at constant 

Because the wire specimens were mechanically 
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a) b)  C) 

Figure 1.  - Scanning electron microscope photomicrographs o f  as-drawn 
tungsten alloy wires, prior to tensile testing (longitudinally sectioned 
and etched), o f  a> 218CS-W, b >  ST3004 ,  and c> WHfC. 

b) 

Figure 2 .  - Scanning electron microscope photo- 
micrographs o f  a> as-drawn and vacuum-annealed 
(for 1 h r  at 1535 K >  ST300-W wires, longitu- 
dinally sectioned and etched, and b >  polished 
and unpolished surfaces of as-drawn ST300-W 
wires (all made prior to tensile testing). 

3 



g r i p p e d  o u t s i d e  t h e  h o t  zone of t h e  f u r n a c e ,  t h e  gauge l e n g t h  was n o t  known; 
hence t h e  d a t a  were a n a l y z e d  under  g a u g e - l e n g t h - i n d e p e n d e n t  c o n d i t i o n s  
( i . e . ,  o n l y  t h e  p r o p o r t i o n a l  l i m i t ,  u l t i m a t e  t e n s i l e  s t r e n g t h ,  and r e d u c t i o n  
o f  a r e a  were d e t e r m i n e d ) .  T e n s i l e  t e s t s  o f  e l e c t r o p o l i s h e d  samples were 
e v a l u a t e d  w i t h  t h e  a s s u m p t i o n  t h a t  t h e  d e f o r m a t i o n  was t a k i n g  p l a c e  on l y  i n  
t h e  reduced  d i a m e t e r  gauge s e c t i o n  zone .  T h i s  s u p p o s i t i o n  was r e a s o n a b l e ,  
as shown by  s e v e r a l  t e s t s  m e a s u r i n g  e l o n g a t i o n  o f  e l e c t r o p o l i s h e d  specimens 
b y  o p t i c a l  t r a c k i n g  w i t h  a c a t h e t o m e t e r .  These t e s t s  were conduc ted  a t  t h e  
s l o w e s t  v e l o c i t y - - a n  i n i t i a l  s t r a i n  r a t e  o f  3 . 3 ~ 1 0 - 5  s e c - l .  Good agreement  
was f o u n d  between s t r a i n  r a t e s  c a l c u l a t e d  from e x t e n s i o n  - t i m e  d a t a ,  
( 2 . 5 ~ 0 . 5 > x 1 0 - 5  s e c - l ,  and c ross -head  m o t i o n  - t i m e  d a t a ,  (3 .3=0 .3>x10-5  s e c - l .  

M i c r o s t r u c t u r a l  E x a m i n a t i o n  

The l o n g i t u d i n a l  g r a i n  s t r u c t u r e  of a s - r e c e i v e d ,  h e a t - t r e a t e d ,  
e l e c t r o p o l i s h e d ,  and t e s t e d  w i r e s  was s t u d i e d  w i t h  b o t h  l i g h t  o p t i c a l  and 
s c a n n i n g  e l e c t r o n  m i c r o s c o p e  ( S E M I  t e c h n i q u e s .  

R e s u l t s  

I n f l u e n c e  of Sur face  F i n i s h  and A n n e a l i n g  on ST300-W 

T y p i c a l  t e n s i l e  p r o p e r t i e s  o f  t h e  ST300-W w i r e ,  i n c l u d i n g  p r o p o r t i o n a l  
l i m i t  ( P L ) ,  u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS), and r e d u c t i o n  o f  a r e a  ( R A )  a r e  
shown i n  F i g .  3 as f u n c t i o n s  of t e m p e r a t u r e ,  s u r f a c e  c o n d i t i o n ,  and h e a t  
t r e a t m e n t  f o r  m a t e r i a l s  t e s t e d  a t  a c o n s t a n t  c ross -head  speed o f  0 .0085  
mm/sec ( a p p r o x i m a t e  s t r a i n  r a t e  o f  3 . 3 ~ 1 0 - 4  s e c - l ) .  B o t h  s t r e n g t h  
( F i g .  3 ( a ) >  and d u c t i l i t y  ( F i g .  3 ( b > )  g e n e r a l l y  d e c r e a s e  w i t h  i n c r e a s i n g  
t e m p e r a t u r e .  A l t h o u g h  t h e  e l e v a t e d  t e m p e r a t u r e  U T S  i s  e s s e n t i a l l y  
i n d e p e n d e n t  o f  s u r f a c e  f i n i s h  a n d / o r  h e a t  t r e a t m e n t ,  e l e c t r o p o l i s h i n g  has 
c l e a r l y  improved  t h e  PL and R A .  The 1535 K annea l  f o r  1 h r  appears  t o  have 
n o  e f f e c t .  The h i g h e r  PL and RA of t h e  e l e c t r o p o l i s h e d  specimens,  compared 
t o  t h e  as-drawn samples,  a r e  p r o b a b l y  due t o  t h e  e l i m i n a t i o n  o f  s u r f a c e  
f l a w s  w h i c h  cause ( 1 )  p r e m a t u r e  y i e l d i n g  by  l o c a l  r e d u c t i o n  o f  t h e  
c r o s s - s e c t i o n a l  a r e a  and ( 2 )  p r e m a t u r e  f r a c t u r e  b y  j o i n i n g  t h e  s u r f a c e  
d e f e c t s  w i t h  i n t e r n a l  c r a c k s .  

The m i c r o s t r u c t u r a l  d i f f e r e n c e  between as-drawn and a n n e a l e d  ST300-W 
w i r e  ( F i g .  2 ( a > )  was s l i g h t ;  namely ( 1 )  a p a r t i a l  d e s t r u c t i o n  o f  t h e  
f i b r o u s  s t r u c t u r e  and ( 2 )  a s l i g h t  i n c r e a s e  i n  t h e  w i d t h  o f  t h e  g r a i n s .  
The annea l  can, t h e r e f o r e ,  be c h a r a c t e r i z e d  as a s t r e s s  r e l i e f  h e a t  
t r e a t m e n t  w h e r e i n  t h e  g r a i n  and s u b g r a i n  s t r u c t u r e  r e m a i n  e s s e n t i a l l y  
unchanged. T h i s  b e h a v i o r  i s  i n  agreement  w i t h  T a j i m e ' s  ( 7 )  v i e w  t h a t  
c o m p l e t e  r e c o v e r y  i n  t u n g s t e n  w i r e s  can o n l y  b e g i n  t o  t a k e  p l a c e  above 1573 
K .  T h e r e f o r e ,  i t  can be c o n c l u d e d  t h a t  t h e  h e a t  t r e a t m e n t  a t  1535 K does 
n o t  cause any s t r e n g t h  or  d u c t i l i t y  d e c r e a s e  i n  t h e  t e m p e r a t u r e  r a n g e  from 
1300 t o  1600 K .  

T e n s i l e  P r o p e r t i e s  

ORIGINAL PAGE IS 
OF POOR QUALITY 

The i n f l u e n c e  o f  a l l o y  c h e m i s t r y  on t h e  PL and UTS i s  shown i n  F i g .  4 
where t h e s e  p r o p e r t i e s  a r e  p l o t t e d  as a f u n c t i o n  of t e m p e r a t u r e  f o r  
m a t e r i a l s  t e s t e d  a t  a c o n s t a n t  c r o s s - h e a d  speed of 0 . 0 0 8 5  mm/sec 
( a p p r o x i m a t e  s t r a i n  r a t e  o f  3 . 3 ~ 1 0 - ~  s e c - l ) .  
h a f n i u m  c a r b i d e - d i s p e r s e d  WHfC w i r e s  c o n s i s t e n t l y  d i s p l a y e d  h i g h e r  P L ' s  
( F i g .  4 ( a ) )  t h a n  e i t h e r  t h e  t h o r i a -  or p o t a s s i u m  b u b b l e - d i s p e r s e d  w i r e s .  
Below 1500 K t h e  t h o r i a - d i s p e r s e d  ST300-W possessed  h i g h e r  y i e l d  s t r e n g t h s  

From 1300 t o  1600 K, t h e  

4 
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TEMPERATURE. K - l  

b) 
F i g u r e  3. - E f f e c t  o f  s u r f a c e  c o n d i t i o n  and a 1-hr vacuum annea l  a t  

1535 K o n  a )  u l t i m a t e  t e n s i l e  s t r e n g t h  and p r o p o r t i o n a l  l i m i t  and 
b )  r e d u c t i o n  o f  a r e a  f o r  ST300-W w i r e s  t e s t e d  a t  0 .0085 mm/sec 
( e s t i m a t e d  i n i t i a l  s t r a i n  r a t e  = 3 . 3 ~ 1 0 - ~  s e c - l ) .  

t h a n  p o t a s s i u m  b u b b l e - d i s p e r s e d  w i r e s ;  however,  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
t h e  d i f f e r e n c e  i n  y i e l d  s t r e n g t h s  becomes s m a l l .  
t e n s i l e  s t r e n g t h ,  t h e  WHfC w i r e  has a c o n s i d e r a b l e  s t r e n g t h  advantage o v e r  
t h e  218CS-W or  ST300-W a t  t h e  h i g h e r  t e s t  t e m p e r a t u r e s  ( F i g .  4 ( b > ) .  
However,  a t  1300 K t h e  s t r e n g t h  o f  WHfC and ST300-W a r e  s i m i l a r ,  and t h e  
p o t a s s i u m  b u b b l e - s t r e n g t h e n e d  w i r e  218CS-W i s  much weaker .  

I n  te rms  o f  u l t i m a t e  

5 
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TEMPERATURE, K - l  

b) 

F i g u r e  4 .  - a >  p r o p o r t i o n a l  l i m i t  and b >  u l t i m a t e  t e n s i l e  s t r e n g t h  o f  
t u n g s t e n - a l l o y  w i r e s  t e s t e d  a t  0.0085 mrn/sec. 

S t r e s s  - S t r a i n  Rate B e h a v i o r  

The e f f e c t  o f  s t r a i n  r a t e  o n  t h e  PL and RA i s  shown i n  F i g s .  5 and 6,  
The r e s p e c t i v e l y ,  f o r  as-drawn, e l e c t r o p o l i s h e d  w i r e s  a t  1400 and 1600 K .  

measure o f  y i e l d  s t r e n g t h  i s  r e l a t i v e l y  c o n s t a n t  o v e r  two t o  t h r e e  o r d e r s  o f  
magn i tude  o f  s t r a i n  r a t e  f o r  WHfC w i r e s  a t  1400 K ( F i g .  5 ( a > )  and f o r  ST300-W 
and 218CS-W a t  1600 K fo r  f a s t  s t r a i n  r a t e s  ( F i g .  5 ( b > > .  C o n v e r s e l y ,  t h e  
P L ' s  g r a d u a l l y  dec rease  f o r  WHfC w i r e s  a t  1600 K ( F i g .  5 ( b > )  and ST300-W and 
218CS-W w i r e s  a t  1400 K ( F i g .  5 ( a > >  as t h e  s t r a i n  r a t e  i s  dec reased  from 
0 .033  t o  0.000033 s e c - l .  By f o l l o w i n g  normal  c o n v e n t i o n ,  t h e  d a t a  i n  F i g .  5 

I have been a n a l y z e d  i n  t e r m s  of t h e  power l a w  d e f o r m a t i o n  b e h a v i o r ,  

I E = Aon ( 1 )  

0 = B&m 

6 
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M a t e r i  a1 
( d i s p e r s o i d )  

where and CJ a r e  t h e  s t r a i n  r a t e  and s t r e s s  (PL  i n  t h i s  work), r e s p e c t i v e l y ,  
n i s  t h e  s t r e s s  e x p o n e n t ,  and m i s  t h e  s t r a i n  r a t e  s e n s i t i v i t y  w i t h  n = l/m. 
T a b l e  I1 summarizes t h e  c a l c u l a t e d  s t r a i n  r a t e  s e n s i t i v i t i e s  as f u n c t i o n s  of 
t e m p e r a t u r e ,  s t r a i n  r a t e  r a n g e ,  and a l l o y  c o m p o s i t i o n .  Warren e t  a l .  ( 2 )  
r e p o r t e d  n = 7 t o  8 ( m  = 0 .13  t o  0 . 1 4 )  f o r  ST300-W-l ike t h o r i a - d i s p e r s e d  
t u n g s t e n  w i r e s  t e s t e d  a t  1400 K and a s t r a i n  r a t e  o f  10-8 s e c - I .  T h i s  i s  
somewhat d i f f e r e n t  from m = 0 . 0 8 6  ( n  = 1 1 . 5 > ,  d e t e r m i n e d  f o r  ST300-W a t  
1400 K and s t r a i n  r a t e s  l e s s  t h a n  10-3 s e c - l .  
wou ld  be caused from t h e  d i f f e r e n t  s t r a i n  r a t e  r e g i o n .  

The d i f f e r e n t  s t r e s s  exponen t  

Tempera tu re ,  
K 
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I 

_ _ _ ~  

S t r a i n  r a t e  
s e n s i t i v i t y ,  

m 

_I 
10-1 

STRAIN RATE, SEC-'  

b) 
F i g u r e  5. - P r o p o r t i o n a l  l i m i t  

a t  a )  1400 K and b) 1600 K 
as a f u n c t i o n  o f  i n i t i a l  
s t r a i n  r a t e  f o r  s e v e r a l  
t u n g s t e n - a l l o y  w i r e s .  
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I TUNGSTEN 

ST300-W 
( t h o r i a )  

0 ST300-W 

40 
c z 

CL 
W a 

w o  

1400 0 .086  3x10-5 t o  3 ~ 1 0 - ~  
1600 . 1 9  3x10-5 t o  1x10-3 
1600 .039 1x10-3 t o  3x10-2 

cz c 
LL 
0 8 0 r -  n 

WHfC 
( H f C )  

L U 
0 
U 2 40 

0 

1400 .014 3x10-5 t o  3 ~ 1 0 - ~  
1600 .091 3x10-5 t o  3 ~ 1 0 - ~  

10-5 IO-5 io-' IO-' 
STRAIN RATE, S E C - ~  

b) 

F i g u r e  6. - R e d u c t i o n  o f  a r e a  a t  
a )  1400 K and b >  1600 K as a 
f u n c t i o n  of i n i t i a l  s t r a i n  r a t e  
f o r  s e v e r a l  t u n g s t e n - a l l o y  w i r e s .  

T a b l e  11. - S t r a i n  Rate S e n s i t i v i t i e s  o f  V a r i o u s  W-Alloy W i r e s  

2 1 acs 
(bubbl es ) 

1400 
1600 
1600 

.086 

.15 

.001 

3x10-5 t o  3 ~ 1 0 - ~  
3 x i o - 5  t o  1x10-3 
1x10-3 t o  3x10-2 

7 



In general, hafnium carbide-dispersed WHfC wires show a higher fracture 
ductility both at 1400 K (F-ig. 6(a>> and 1600 K (Fig. 6(b>> than either the 
bubble-dispersed 218CS-W or the thoria-dispersed ST300-W. The ductility of 
WHfC is nearly constant --about 70 percent-- whereas that of 218CS and 
ST300-W at both 1400 and 1600 K drops from about 60 percent to 5 percent as 
the strain rate decreases. 

Microstructure of Tested Wires 

of ST300-W wire after testing at 1600 K are shown in Fig. 7. Clearly, the 
fracture mode is dependent on deformation rate since essentially no necking 
was observed after slow straining (Fig. 7(a>); significant necking in the 
failure area was found after fast strain rate testing (Fig. 7(c>>. Instead 
of failing by plastic flow, the slowly deformed samples apparently failed by 
the formation and growth of surface cracks along grain boundaries, with the 
general direction of the cracks being perpendicular to the tensile stress 
axis. 
maintained in the high strain rate specimen (Fig. 7(d>>, it has been 
segmented into 4- to 15-pm lengths, and its width has significantly 
increased after slow testing (Fig. 7(b>>. The fracture behavior of ST300-W 
at 1400 K was identical to that observed at 1600 K .  The WHfC fractures 
after fast and slow straining at either 1400 or 1600 K were analogous to 
those found after fast testing of ST300-W (Fig. 7(c>). 
microstructure of 218CS-W exhibited effects of strain rates on the fracture 
characteristics similar to those of ST300-W. 

The microstructure of longitudinal sections and the fracture morphology 

Although the initial substructure of ST300-W (Fig. l(b>> has been 

The post-test 

a) b) 

C )  d)  

Figure 7. - Scanning electron microscope and light photo- 
micrographs o f  ST300-W wires tested at 1600 K and a strain 
rate of 0.000033 sec-l a> fracture region and b> away 
from fracture; and at a strain rate of 0.033 sec-l c> 
fracture region and d> away from fracture. 
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By u t i l i z i n g  an i n t e r s e c t i o n  method ( l i n e s  p e r p e n d i c u l a r  t o  t h e  w i r e  
a x i s ) ,  t h e  w i d t h  o f  t h e  f i b r o u s  g r a i n  s t r u c t u r e  t was d e t e r m i n e d .  
c o n d i t i o n ,  n e a r l y  200 measurements were made a t  a d i s t a n c e  abou t  1 mm from 
t h e  f r a c t u r e  s u r f a c e .  F i g u r e  8 i l l u s t r a t e s  t h e  r e l a t i v e  f r e q u e n c y  of t as a 
f u n c t i o n  o f  s t r a i n  r a t e  f o r  ST300-W and WHfC t e s t e d  a t  1600 K .  C l e a r l y ,  t h e  

For each 

I- z 
W 
V 
PI 
W 
[r 

>- 
V z 
W => 
0 
W cz 
L 

W 

t 

W 
PI 

2 
5 

a) 

0 1 2 3 4 0 1 2 3 4 
WIDTH, PM 

C) d )  

F i g u r e  8. - D i s t r i b u t i o n  o f  t h e  f i b r o u s  s u b s t r u c t u r e  w i d t h ,  
t, as a f u n c t i o n  o f  s t r a i n  r a t e  t e s t e d  a t  1600 K: 
3 . 3 ~ 1 0 - 2  sec- l  f o r  ST300-W, b >  3 . 3 ~ 1 0 - 5  sec - l  f o r  ST-300-W, 
c >  3 . 3 ~ 1 0 - ~  sec-1 f o r  WHfC, and d >  3 . 3 ~ 1 0 - 5  sec - l  f o r  WHfC. 

a >  
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D i s p e r s o i d  F ibe r  Average second- 
ohase d iameter .  

ave rage  g r a i n  w i d t h  o f  ST300-W i n c r e a s e d  w i t h  d e c r e a s i n g  s t r a i n  r a t e  ( t h e  
median v a l u e  o f  t was s h i f t e d  from t h e  0.5 t o  1 . 0  pm range  t o  t h e  1.0 t o  
1 . 5  pm r a n g e ) .  
t h e  same c o n d i t i o n s .  S i n c e  t h e s e  m i c r o s t r u c t u r a l  o b s e r v a t i o n s  can be 
c o r r e l a t e d  w i t h  t h e  r e l a t i o n s h i p  between d u c t i l i t y  and s t r a i n  r a t e  ( F i g .  
6 ( b ) > ,  l o s s e s  i n  d u c t i l i t y  m i g h t  s t e m  f r o m  m i c r o s t r u c t u r a l  i n s t a b i l i t i e s  
o w i n g  t o  t h e  o r i g i n a l  s u b s t r u c t u r e  b e i n g  r e p l a c e d  due t o  d r a w i n g  d u r i n g  t h e  
t e n s i l e  t e s t s .  

However, t h e  median v a l u e  o f  t f o r  WHfC was unchanged under  

Average i n t e r p l a n e r  
o a r t i c l e  d i s t a n c e .  

D i s c u s s i o n  

Second-phase 
volume f r a c t i o n ,  

f .  
percent  

S t r e n g t h e n i n g  Mechanisms 

P a r t i c l e  shear Reference 
modulus. 

Gm 
Gp.a 

The t e n s i l e  s t r e n g t h  o f  a m a t e r i a l  can be i n c r e a s e d  by i n t r o d u c i n g  a 
d i s p e r s i o n  o f  second p a r t i c l e s  a n d / o r  b y  c o l d  w o r k i n g .  
p a r t i c l e s  wh ich  impede t h e  m o t i o n  o f  d i s l o c a t i o n s  i n c r e a s e  t h e  Orowan s t r e s s .  
For a g i v e n  m a t r i x ,  t h e  t y p e  o f  p a r t i c l e  and t h e  ave rage  d i a m e t e r  have some 
i n f l u e n c e  on t h e  Orowan s t r e s s ;  however ,  t h e  m a j o r  f a c t o r  a f f e c t i n g  i t s  
m a g n i t u d e  i s  p a r t i c l e  s p a c i n g .  D i s l o c a t i o n  s u b s t r u c t u r e  fo rmed  b y  p r i o r  
c o l d  w o r k i n g ,  where t h e  s t o r e d  e l a s t i c  e n e r g y ,  d e n s i t y  o f  s e s s i l e  
d i s l o c a t i o n s ,  and t h e  ave rage  d i a m e t e r  of t h e  s u b g r a i n s  a f f e c t  s t r e n g t h ,  
a l s o  impedes t h e  movement o f  m o b i l e  d i s l o c a t i o n s .  By u t i l i z i n g  d a t a  from 
t h e  l i t e r a t u r e ,  t h e  e x p e c t e d  Orowan s t r e s s e s  for d i f f e r e n t  d i s p e r s o i d s  i n  
t h e  t u n g s t e n - a l l o y  w i r e s  can be c a l c u l a t e d  and compared t o  t h e  a n t i c i p a t e d  
s t r e n g t h e n i n g  due t o  t h e  r e t a i n e d  f i n e  s u b s t r u c t u r e .  

y i e l d  s t r e s s  o f  d i s p e r s i o n - s t r e n g t h e n e d  a l l o y s  has been c a l c u l a t e d  b y  Ashby 
(8). For a g i v e n  second-phase d i a m e t e r  d and i n t e r p l a n e r  p a r t i c l e  s p a c i n g  
d i s t a n c e  D ,  t h e  Orowan y i e l d  s t r e s s  ro on t h e  edge d i s l o c a t i o n s  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  m a t r i x  shear  modulus Gm ( 9 ) ;  t h a t  i s  

Fo r  example,  

S t r e n g t h  C o n t r i b u t i o n  v i a  t h e  Orowan S t r e s s .  The t h e o r e t i c a l  shear  

Thor ia  
H f C  
Bubble 

where b i s  t h e  magn i tude  o f  t h e  B u r g e r s  v e c t o r .  W i t h  t h e  assumpt ion  t h a t  
t h e  m a t r i x  c h e m i s t r y  i s  s i m i l a r  f o r  a l l  t h r e e  w i r e s ,  Gm and b a r e  assumed t o  
be i d e n t i c a l  f o r  each system. T h e r e f o r e ,  from p r e v i o u s l y  measured v a l u e s  of 
d and D (4 ,10 ,11 )  ( T a b l e  I I I ) ,  t h e  Orowan s t r e s s  f o r  each t y p e  o f  w i r e  can 
be c a l c u l a t e d .  For i n s t a n c e ,  a t  1400 K I'o e q u a l s  68 MPa f o r  218CS-W, 80 MPa 
fo r  ST300-W, and 118 MPa f o r  WHfC w i r e s .  The WHfC a l l o y  i s  e x p e c t e d  t o  be 
somewhat s t r o n g e r  t h a n  t h e  o t h e r s  due t o  a h i g h e r  Orowan s t r e s s .  

S T ~ O O - w  76 3 1 5  
WHfC 35 180 

z 1 8cs-n 1 5  2 50 

Table 111. - C h a r a c t e r i z a t i o n  o f  t he  D ispe rso ids  i n  the  W-Alloy Wires 

3.80 
1.55 
0.19 

Grn 4 
Gm 10 

0.1 Gm 1 1  

S u b s t r u c t u r e  S t r e n g t h e n i n g .  One c o n t r i b u t i o n  o f  t h e  s u b s t r u c t u r e  t o  
t h e  y i e l d  s t r e s s  r e s u l t s  from t h e  s t o r e d  e l a s t i c  e n e r g y ,  w h i c h  can be 
c o n s i d e r e d  to  be a d i r e c t  f u n c t i o n  o f  p r i o r  w o r k - h a r d e n i n g .  Such 
w o r k - h a r d e n i n g  i s  r e p o r t e d  t o  be dependen t  upon t h e  volume f r a c t i o n  o f  t h e  
second-phase f ( 8 , 1 2 )  as w e l l  as t h e  a c c u m u l a t e d  p l a s t i c  shear  s t r a i n  a 
( 1 2 ) .  Work-hardening,  d e r i v e d  from t h e  d i s p e r s e d  second phase,  i s  a r e s u l t  
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of interactions between moving dislocations and partic 
( 8 ) .  Thus the strengthening due to work-hardening rWH 
the root of the accumulated plastic strain, 

I'" = 0.24G,,, bfa/d d- 

M a t e r i a l  

2 1 8CS-W 
m o o - w  
W H f C  

es according to Ashby 
is proportional to 

Orowan-to- Work-hardening-to-matrix s t r e s s  ,b  Orowan-to- 
m a t r i x  s t r e s s . a  work-hardening 

'OI'm '"/'m, low4  s t r e s s  , b  ~ O / ~ W H  

a = 0.1 a = 0.5 a = 1 5 . 6  a = 0.5 

Eq. 4 Eq. 5 Eq. 4 Eq. 5 Eq. 4 Eq. 5 Eq. 4 Eq. 5 

4 . 8 9 ~  10-4 4 . 4 7  1 . 2 7  10 6 . 3  5 5 . 8  198 0 . 3 3  0 . 4 4  
5 . 7 8  8 . 9 1  38 1 9 . 9  190 1 1 1  5930 0 . 2 3  0 . 0 3  
8 . 5 3  8 . 3 6  1 5 . 5  18 .7  7 7 . 5  104 2420 0 . 3 1  0.10 

( 4 )  

Unfortunately the value of a cannot be determined presently because it is a 
direct function of the complicated and undefined fabrication schedules for 
each type of wire. If it i s  assumed that during production the original 
10-pm grain diameter is reduced to 0.2 pm, the plastic shear strain would 
be 15.6 --2Qn(10/0.2)2-- and the shear stresses required for further 
deformation would be 

rWH = 
rWH = 
rWH = 

343 MPa for 218CS-W 
1530 MPa for ST300-W 
1386 MPa for WHfC 

These values are most likely overestimates as some recovery occurs during 
process anneals which are part of wire fabrication schedules. The thoria- 
and HfC-strengthened materials should be much stronger than the potassium 
bubble-dispersed alloy. The work-hardening in a second-phase-strengthened 
alloy i s  estimated by Brown et al. (13) by a mean internal stress q, which 
is proportional to the accumulated plastic strain in the matrix; 

UM = 2Ka(GpGmf)/[Gp - K(Gp - Gm)1 ( 5 )  

where K is a constant, ranging from 0.5 to 0.78 (14) depending on the 
accommodation between the matrix and particle. The required shear stress 
can be calculated if we assume that Gp is the particle shear modulus, that 
Gp = Gm for thoria and hafnium carbide, and that Gp = O.1Gm for bubbles. 

respect to shear modulus of the matrix, are summarized in Table I V .  For 
computations utilizing either Ashby's or Brown's model, three different 
values of the accumulated plastic shear strain were assumed: a = 0.1, 0.5 
and 15.6. With the exception o f  the bubble-strengthened a1 loy, the Orowan 
stresses are generally small in comparison to the strength due to prior 
work. Clearly, Brown's substructure model indicates large differences in 
strength between bubble- and particle-hardened tungsten alloys, whereas 
Ashby's model is much less sensitive to the type of second-phase particle. 
For either model the strengths o f  the HfC or thoria alloys are similar; 
Brown's expression, however, leads to greater strengths than Ashby's. 

Calculated Orowan stresses and substructure strengths, normalized with 

1 1  



Figure 9 compares the measured to the estimated theoretical shear yield 
In stress as functions o f  temperature and accumulated plastic shear strain. 

this plot both shear strengths have been normalized with respect to shear 
modulus f o r  tun sten where the experimental data were taken at a shear strain 

of each strengthening mechanism where 

, 
rate o f  6 . 6 ~ 1 0 -  9 sec-l. The theoretical values were based on a superposition 

ACCUMULATED PLASTIC 
SHEAR STRAIN, a 

ESTIMATED 
THEORETICAL ---- 

-0- MEASURED AT 6 . 6 ~ 1 0 - ~  
SHFAR STRAIN RATE 

0 7 
-E r---------- 

a )  E 
W 
\ 12x10-3 

0 - 
6 . 0  6 .5  7 . 0  7 . 5  8 . 0 ~ 1 0 - ~  

TEMPERATURE, K - l  

C) 

Figure 9. - Effect of temperature and prior work on theoretical shear stress 
due to superposition o f  substructure free motion, Orowan stress, and 
work-hardening stress for a> WHfC, b> ST300-W, and c >  218CS-W. 
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The matrix shear stress Tm, which is considered to be identical for all 
three wires, was taken as tehe strength of tungsten in the substructure-free 
and equiaxed grain size condition. The theoretical substructure stress was 
estimated from the Ashby model ( E q .  (4)) because this model i s  the least 
sensitive to the plastic shear strain value. The estimated shear stresses 
for the wires as a function of temperature are in good agreement with the 
experimental data (shear stress = PL/2), if a is assumed to be about 0.5 for 
both ST300-W and WHfC. For 218CS-W a higher a value might be required. 

Stability of the Fibrous Structure 

The sharply decreasing strength of ST300-W and 218CS-W at strain rates 
less than sec-l at 1400 K (Fig. 5(a>) and at 1600 K (Fig. 5(b)) could 
be due to lack of second-phase s 
to recrystallization. According 
primary static recrystallization 
the temperature range of 1300 to 
by a loss of the preferred fiber 
ratio. Secondary recrystallizat 
place above 1600 K with the loss 
of the doped or alloyed tunqsten 

ability and concurrent loss of resistance 
to Snow (15), Davis (161, and Barna (17), 
to a polycrystalline structure occurs in 
1400 K in 0.2 to 10 hr and is accompanied 
texture and a decreased grain aspect 
on, on the other hand, typically takes 
of the fibrous structure and the coarsening 
qrains. Durinq hot tensile or creep test 

conditions these temperature/time-parameters should be reduced since dynamic 
recrystallization is an easier process. 

The inhibition of recrystallization by a second phase i s  attributed to 
particles impeding the motion of the recrystallization front (11,181. 
Recrystallization will take place if the driving force o f  the grain boundary 
mobility is larger than the inhibiting force. According to Warlimont et al. 
(18) the impeding stress Pi is dependent on the second-phase distribution; 

Pi = (2TBfB/r) + (2TSBfSB/r) ( 7 )  

where T B  and TSB represent specific grain or subgrain boundary energy, f B  
and f S B  are the volume fraction of second-phase particles intersected by a 
unit of grain or subgrain, and r is the radius of particles or bubbles. 

The driving 
grain and subgra 

where XB and XSB 
equating Eqs. (7 
def i ned 

force for recrystallization Pd i s  a result o f  the existing 
n boundary structure; 

Pd = (2TB/xB) + (2TsB/XSB> ( 8 )  

are grain diameter and subgrain spacing, respectively. By 
and ( 8 ) ,  the critical radius to recrystallization is 

rc = (1.1XBXSBfB>/(XSB + 0.1XB) ( 9 )  

when it is assumed that TSB = 0 . 1 ~ ~  and fSB = f B  (11). 
equilibrium state for the radius of second-phase particles can be obtained 
by using parameters from the literature (18) where T B  = 1.08 J/m2, 
q j  = 0.1 J / m 2 ,  XB = 0 . 5  pm, XSB = 0.15 pm, and f B  = 5nd2/4D2 for a grain 
boundary mobility perpendicular to the fiber axis; thus 

The theoretical 

13 I 

rc, bubble = 6 nm 

rc, HfC = 60 nrn 
rc, thoria = 90 nrn ORECiXr7L Fv4GE [is 
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Since these critical radii are the thresholds to recrystallizat 
values prohibit recrystallization. 

on, larger 

Comparing the calculated radii to measured parameters (Tab e 111) 
reveals that the estimated critical radii o f  thoria and HfC are greater than 
the initial particle radii, whereas the estimated critical size for the 
potassium-filled bubbles is less that) that for the as-received material. 
Hence, on the basis o f  this theoretical calculation, one would expect 
bubble-strengthened materials to undergo recrystallization rather easily, 
whereas both particle-strengthened alloys should be resistant to such 
phenomena. 
thoria-containing materials should possess mechanical properties with less 
temperature and time sensitivity. 
(see Figs. 3 and 4 ) .  

This would seemingly indicate that the HfC- and 

In general, this seems to be the case 

If particle growth takes place during elevated temperature exposure, it 
is probable that the grain boundaries could break free and recrystallization 
would take place. 
is more stable. Unfortunately, the basic information, such as solubility o f  
the elements comprising the particles in the metal matrix, interfacial 
energy between particle and matrix, and diffusivity, is not known; hence 
computations based on simple models (i.e., Wagner ( 1 9 ) )  cannot realistically 
be made. However, based on the current work (Figs. 4 and 5 1 ,  HfC appears to 
be more resistant to recrystallization than thoria. 

Thus it becomes a question of which type of second phase 

Summary of Results 

The tensile properties of 200-pm lengths of 218CS-W, ST300-W, and WHfC 
wires were examined in the temperature range of 1300 to 1600 K, and the 
following results were obtained: 

1 .  A stress relief at 1535 K for 1 hr did not affect the tensile 
strength or ductility of ST300-W. 

2 .  Electropolishing o f  ST300-W significantly improved the proportional 
strength and ductility but not the ultimate tensile strength. 

3. The hafnium carbide-dispersed alloy had significantly better tensile 
properties than either the thoria- (ST3001 or potassium bubble- (218CS) 
strengthened materials. 

4 .  Calculations indicate that hafnium carbide-dispersed (WHfC) wires 
should possess a higher Orowan stress and a stable fibrous substructure and, 
thus, have superior high temperature tensile properties. 

5. Hafnium carbide-dispersed (WHfC) wires are less sensitive to strain 
rate than bubble- or thoria-dispersed wires. 

Conclusions 

From the current work it is concluded that using hafnium 
carbide-strengthened wires will lead to stronger metal matrix composites 
than those from either of the currently available commercial tungsten 
alloys. The properties of hafnium carbide wires can be further improved by 
electropolishing to remove surface defects prior to composite fabrication. 
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